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Abstract-The concentration of plutonium has been determined along the length of the 
hair of a female subject who received 11 kBq (0.3 pCi) of 239Pu by intravenous injection 
in 1945. The subject succumbed to her pre-existing illnesses 518 days post injection, and 
her remains were exhumed in 1973. 

The subject’s hair, 280 mm in length for the longest strands, was divided into 20-mm 
long sections and the plutonium concentration in each was determined. The concentration 
ranged from 22 Bqlkg (0.59 pCi/g) at the distal end to 3 Bq/kg (0.08 pCi/g) at the proximal 
end (nearest the scalp). The distance of each section from the scalp was then converted to 
an estimated time in days post injection by applying the growth rate of the hair indicated 
for this individual. 

The plutonium concentration as a function of time could be well-fitted (in the 
least-squares sense) by either of two functions. The first function was the sum of a single 
exponential, whose half-time was 81 & 16 days, plus a constant term. This half-time 
corresponded to that found for the longest-lived of five components of the plutonium 
concentration in the blood of other individuals in the same series of injections, i.e. 88 2 13 
days (Du72). The second function which fitted the hair data was the sum of two 
exponentials, whose half-times were 32 & 18 and 260 ? 80 days, respectively. These values 
overlap the half-times of 42 and 300 days found for components of the urinary excretion 
of plutonium by man (Du72). This agreement is expected in view of the correspondence 
of the hair and blood data, since urine is a plasma filtrate. The possible use of hair as a 
bioassay material for plutonium in man is suggested. 

INTRODUCTION 
THE CONTENT and macrodistribution of plu- 
tonium have been determined in the remains 
of a young woman who received 11 kBq 
(0.3 FCi) of 239Pu (IV) citrate by intravenous 
injection as part of an excretion study in 
1945. This subject, Center for Human 
Radiobiology case number 40-010, was 
designated Hp-4 in the early literature (LaSO). 
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At the time of injection she was suffering 
from Cushing’s disease with hypertension, 
osteoporosis and nephropathy withuremia. She 
succumbed to her illnesses 518 days post 
injection. 

Her remains were exhumed by the Center 
for Human Radiobiology in 1973 with the 
permission of the next of kin. After selected 
samples were analyzed for plutonium 
content and distribution, the remains were 
re-interred. The results for the skeleton and 
selected soft tissues have been reported 
elsewhere (La78); the skeleton contained 54 2 
2% of the injected amount. Because an 
autopsy had been performed prior to inter- 
ment, only a few types of soft tissue were 
available for analysis, and the concentrations 
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of plutonium in them were about 100 times 
lower than those in bone. 

The subject’s hair, 280 mm in length for its 
longest strands, appeared to be intact and in 
good condition. Since the analysis of trace 
elements in hair is one method of determining 
exposure to toxic materials (e.g. Ja78), it was 
decided to measure the plutonium concen- 
tration along the length of the hair, and to 
compare the results with the concentrations 
of plutonium in blood and urine observed in 
the injection cases (La5O; Du71; Du72). 

CHEMICAL ANALYSIS 
The subject’s hair was removed from the 

remains with the scalp intact. It was dried at 
100°C for 48 hr and then cut away from the 
scalp as closely as possible. The hair was 
washed with a detergent solution until 
microscopic examination showed it to be free 
of foreign matter; it was then rinsed with 
water and air-dried. Because of the presence 
of small bits of tissue in the wash solution it 
was impossible to determine if any plutonium 
in the solution had been leached from the 
hair. However, there is no reason to suspect 
that the mild detergent used and distilled 
water could in fact have leached plutonium 
from the hair strands. The longest strands 
measured 280 mm and we defined the 
parameter d as the distance of any portion of 
the hair from the scalp. The hair strands were 
cut into 20-mm long sections, beginning at  the 
proximal ends. Sections with the same value 
of d were combined, weighed and then 
analyzed as a single sample. 

The plutonium content of each section was 
determined by a-spectrometric isotope dilu- 
tion. The hair samples were dissolved in 
nitric acid, a known amount of 242Pu and an 
excess of 9 M hydrobromic acid were then 
added and the solution was evaporated to 
incipient dryness. The procedure ensured 
isotopic exchange between the 239Pu that was 
in the hair and the isotopic diluent, 242Pu. The 
plutonium was separated from the solution 
with the anion exchange procedure of Larsen 
and Oldham (La75); it was electrodeposited 
on a stainless steel planchet with the tech- 
nique reported by Kressin (Kr77), and the 
deposit was assayed in an a-spectrometer. 

The plutonium recovery ranged from 70 to 
90%; the resolution (FWHM) of the 239Pu and 
242Pu peaks in the series ranged from approx. 
10 to 13 fJ (60 to 80 keV). 

The results are given in Table 1. The plu- 
tonium concentration is expressed as 
becquerels per kg of hair (1 Bq/kg = 
0.027 pCi/g). The plutonium concentration 
shows a steady increase with distance from 
the scalp, except for a few fluctuations which 
are not statically significant, and for the data 
point nearest the scalp itself. The concen- 
tration of plutonium in the scalp was deter- 
mined to be 210Bq/kg. The very large value 
of plutonium concentration in the hair section 
nearest the scalp may be due either to cross- 
contamination during the drying and removal 
of the hair from the scalp, or possibly to 
adsorption during the 26 yr of interment. 
Since there is no known physiological reason 
for the large value, this data point has 
been omitted from the subsequent analysis. 

It must be noted that our choice of d as a 
parameter requires the assumption that the 
growth rate of the hair was uniform over the 
entire scalp. There does not, however, appear 
to be any smearing of the data as would be 
expected if the combined sections contained 
hair that was formed at different times. Con- 
sequently the assumption of uniform growth 
rate over the scalp seems justified. 

Table 1. The concentration o f  plufonium in the sections o f  
the hair of case 40-010. As described in fhe text. d is the 
distance from the scalp to fhe  middle of the section and t is 
the estimated time of formation of the section in days posf  
injection; m is  fhe  mass of the section and y is the observed 

concentration of plutonium in the section 

d, rnm 1. days rn. grams Y. B q k  

IO 
30 
50 
70 
90 

I IO 
130 
150 
170 
190 
210 
230 
250 
270 

499 
462 
425 
388 
351 
314 
277 
240 
203 
166 
1 2 9  
92 
55 
18 

1.35 
0.91 
0.62 
0 . 7 4  
0 .59 
0.57 
0.48 
0.55 
0.35 
0 .26  
0 .22 
0.09 
0.02 
0.02 

16.8-tO.7 
3 .5 i0 .2  
2 . 9 i 0 . 2  
3 .W0.2  
5.3iO .1 
4 . 2 i 0 . 3  
5 . 3 i 0 . 4  
5.5iO . 3  
6.6-tO.4 
6 .  I - t O . 4  
8 . m 0 . 5  

12.1*1.2 
13.M .3 
21.5-tl.9 
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may be possible that there was no plutonium 
in the most distal few mm, implying that the ~ 

growth rate could have been a little less than 2 
0.54 mm/d. In the absence of any evidence to 
the contrary, the hair growth rate for this ~ 1 0 1 :  

case is assumed to be 0.54mrnld. Again, the t I 
. results of subsequent analyses appear to . 

support this assumption. The estimated time ; . 
of formation, t ,  for each section of the hair is 
then equal to (280-d)/0.54, and is given in 

- = ~ 8 . 2 ~ - 0 . 6 9 3 " ~ 1  + 2 .9  q. 1 1  
y = 17.5e-0.693032 + 10. le4.693V2K'  lEq.21 

f 

100 200 300 1100 : o  column 2 of Table 1. 100 " ' 1 ' ' ' ' 1 ' ' ' " ' ' ' ~ ' ' ' ' ~  

0 

MATHEMATICAL ANALYSIS 
As the first step in relating the concen- 

tration of plutonium in hair to that in the 
blood, we must convert d, a distance 
parameter, to a time parameter. This requires 
knowledge of the growth rate of the hair. The 
average growth rate of hair for females given 
in ICRP publication 23, Reference Man, is 
0.36mmlday (ICRP75); at this rate, 280mm 
would grow in 775 days. However, plutonium 
was found in the most distal section (d  = 260- 
280 mm) of this subject's hair, which implies 
that at least some of that section was formed 
after injection. If we assume that the distal 
end of that section represents a time close to 
the injection, then an average growth rate of 
280mm/S18 days, or 0.54mm/d is indicated 
for this individual. Such a rapid growth rate is 
consistent with the medical status of this 
patient, since hypertrichosis is known to be 
among the consequences of Cushing's disease 
(Me72). 

It should be noted that 0.54mm/d is a 
minimum growth rate, since there is no way 
of knowing if some hair containing plutonium 
had been cut off before death. It seems un- 
likely, however, that a significant length of 
plutonium-laden hair would have grown out 
from the scalp fast enough to be included in 
any portion cut. On the other hand, since the 

exponentials. The functions are given below 
as equations (1) and (2), respectively, where y 
is the concentration of plutonium in the hair 
in Bqlkg, and f is the time in days post 
injection: 

y = (18.2 2 2.8) exp [ - 0.693t/(81 * 16)] 

and 

y = (17.5 k 7.2) exp [- 0.693f/(32 2 18)] 

+ (2.9 ? 0.05) (1) 

+ (10.1 * 2.7) exp [- 0.693t/(260? 80)]. 
(2) 

One S. E. is shown for each parameter. The 
two functions are plotted with the data in Fig. 
1. There is little to choose in terms of good- 
ness-of-fit criteria between equations (1) and 
(2). For the former, x2 = 15.9 with 10 degrees 
of freedom, while for the latter, x 2 =  13.2 
with 9 degrees of freedom. Either function 
can be interpreted in terms of other phy- 
siological data from the injection cases, as 
discussed in the following sections. 

COMPARISON WITH BLOOD DATA 
Durbin has analyzed the plutonium content 

of the blood as a function of time post in- 
iection for eleven of the subjects in 
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Langham’s study (Du71; Du72; La50). She 
found that the plutonium in the blood of five 
subjects with normal circulation exhibited 
five exponential components whose inter- 
cepts and half-times are shown in Table 2. 
The blood data for case 40-010 (Hp-4) given 
in (La50) cannot be analyzed into five com- 
ponents because there are not enough values 
at either early (< 1 day) or late (>  23 days) 
times post injection. However, the data can 
be fitted by a three-component exponential, 
whose parameters are shown in parentheses 
in Table 2. Note that the half-time of the 
longest-lived component observed in the 
blood of 40-010 (5 .5 days) is quite compar- 
able to BT, for the normal cases (5.0 days). 

In Durbin’s analysis, those cases with cir- 
culatory impairments, including 40-010, 
demonstrated higher intercepts and longer 
half-times for the early (TI,* < 2 days) com- 
ponents in the blood, but were not 
significantly different from the normal cases 
for the longer-lived components. Thus we 
may assume that case 40-010 would also have 
exhibited another blood component with a 
half-time comparable to BT5, the longest- 
lived component of the normal blood curve, 
equal to 88 2 13 days. 

The exponential term of equation (1) above 
exhibits a half-time of 81 +- 16 days, in sub- 

stantial agreement with BT5. The constant 
term in equation (1) may then be interpreted 
as either an equilibrium value or as another 
exponential with a much longer half-time. It 
must be borne in mind, however, that Durbin 
derived the value of BT5 from only two 
cases, Hp-3, whose last blood sample was 
taken 23 days post injection, and Hp-12, 
whose last blood sample was taken 46 days 
post injection (Du71). Consequently, this 
component is less well established than the 
others. Nevertheless, the hair and blood data 
appear to be mutually consistent, and it may 
be concluded that the concentration of plu- 
tonium in the hair reflects that in the blood, 
as a function of time. 

COMPARISON WITH URINE DATA 
Durbin also analyzed the urinary excretion 

of plutonium by the injection cases (Du71; 
Du72), and found that a five-component 
exponential function provided a better fit to 
the data than did the power function of 
Langham’s equation (La5O). The intercepts 
(percent injected dose excreted per day) and 
half-times of the five components for those 
subjects with normal kidney function are also 
given in Table 2. 

The nephropathy suffered by case 40-010 
did not appear to have much influence on the 

Table 2. The parameters of the blood and the daily urinary 
excretion curves derived by Durbin for the injection cases (Dull). 
Each curve has five exponential components; ihe intercepts are 
denoted by S (per  cent of injected dose)  and the half-times by T 
(days) .  The parameters of the curves fitted io the actual blood and 
urine data of case 40-010 (Hp-4  in LaSO) are shown in parentheses 

Urlne curve Component B l o o d  curve 

1 BS,(W BT,(d.ya) US@) UT,(dvs) 

I 5 2 . 4  ( 7.0)  0.0138(0.0333) 0 . 4 1  (0.50) l.zl(I.08) 

2 2 7 . 1 ( 8 0 . 4 )  0 .304(0 .BBB)  0.12 (0.20) 5 . 5 ( 7 . 0 )  

3 17.2 (13.0) 1 .2 (5 .5 )  0.013 42 

4 3.3 5.0 0.003 300 

5 0.44 0 0.OolZ 4000 
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i..cercepts or half-times of the two com- 
ponents observed in her urinary excretion 
data (shown in parentheses in Table 2) ,  com- 
pared with the same components in cases with 
normal kidney function (Du71). Therefore 
her later components, even though not 
observed in the urine data of 40-010 (last 
sample collected on day 27 post injection), 
would also be expected to agree with those 
for the normal cases in Table 2. 

The half-times of the two components 
fitted to the hair data (equation 2), equal to 
32-+ 18 and 260k 80 days, overlap UT3 and 
UT4, namely 42 and 300 days, within error. 
This agreement between the time depen- 
dences of the hair and urine data is not sur- 
prising in view of the correspondence betwen 
the hair and blood data, since urine is a 
plasma filtrate. 

However, the relative magnitudes of the 
two components are quite different in the hair 
data vs the urine curve. From equation (2), 
the ratio of the intercepts is 1.7k0.8,  while 
from Table 2, US3/US4=4.33. This dis- 
agreement may possibly be explained by the 
medical status of this individual, involving 
both nephropathy and hypertrichosis. Since 
urine and hair are both routes of excretion 
far plutonium in the blood, the time depen- 
dence of each should reflect the time depen- 
dence of the blood content, as observed. The 
relative efficiency of each in removing plu- 
tonium from the blood may well have 
changed in time in this individual, as her 
disease progressed. Thus the relative mag- 
nitude of the two components could vary 
with excretion route, while the time depen- 
dence remains the same. 

DISCUSSION 
It should be noted that the two major 

assumptions involved in the analysis of the 
hair data, namely that the growth rate was 
constant over the scalp and that the distal 
portion of the longest hair was formed close 
to the time of injection, are both supported 
by the consistency of the hair data with the 
blood and urine data. 

The correspondence of the hair and blood 
data is further strengthened by consideration 
of the half-times in equation 2. The value of 

BT5, 88 k 13 days, is presumably a composite 
of UT3 and UT4. If the sum of these con- 
ponents of the urinary excretion curve is 
analyzed as a single exponential from 0 to 300 
days post injection, it exhibits a half-time of 
92 days, essentially identical to BT5. This 
analysis of two components as one explains 
the fact that equation (2) is a slightly better fit 
to the hair data than is equation (1) .  The 
constant term in equation (1) then, which 
does not correspond directly to any com- 
ponent of the blood curve, very probably 
reflects the appearance of that component of 
the plutonium concentration in the blood 
which gives rise to the fifth component of the 
urine curve, with UTS = 4000 days. 

If we pursue the correspondence between 
equation (1) and the fifth component of the 
normal blood curve, the concentration ratio 
of plutonium in hair to plutonium in blood 
can be determined by comparing the inter- 
cepts of the exponentials. Langham assumed 
that the total mass of blood was equal to 
7.7% of the body mass (La50). For this sub- 
ject, with a body mass of 55.5 kg, the initial 
concentration in blood would have been 
1 1  kBq per 4.28 kg of blood, or 2.5 kBq/kg. 
The concentration for the longest-lived com- 
ponent (BS,) would have been 0.44% of this, 
or 1 1.3 Bq/kg. The fitted concentration in hair 
was 18.2 Bqlkg, and therefore, the concen- 
tration ratio was 1.6. 

The concentration ratio between the hair 
and urine can be determined by comparing 
the intercepts of equation (2) and US3 and 
US,. US3=0.013% of the injected dose per 
day, or 1.43 Bq/day. If the average urinary 
output is taken as lOOOml/d with a specific 
gravity of 1.02 (ICRP75), then the concen- 
tration of plutonium in urine was 1.4 Bqlkg. 
Since the intercept of the first component of 
equation (2) is 17.5 Bq/kg, the concentration 
ratio is 12.5. Similarly, for the second com- 
ponent of equation (2) and US4 the concen- 
tration ratio is 31.2. As mentioned above, this 
change in concentration ratio may be attri- 
buted to the illnesses of this subject. 

Regardless of the discrepancies in the 
above analysis, it nevertheless raises the in- 
triguing possibility that human hair may serve 
as a bioassay material for the determination 

h 
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of plutonium in vivo.  Some of the advantages 
of hair would include ease of sample collec- 
tion, preservation of time-dependent infor- 
mation in a single sample, relatively little 
organic material present to interfere with 
chemical analysis, and a higher concentration 
of activity in the sample. At long times after a 
known exposure, since the level of plutonium 
in the blood is reflected in the hair, an ad- 
ditional exposure would appear as a sudden 
increase in the concentration of plutonium in 
hair. Because of the day-to-day variability in 
the urinary excretion of plutonium by any 
given individual, additional exposures are 
extremely difficult to determine by urinalysis 
alone. 

The minimum detectable concentration of 
plutonium in hair is 0.6 Bqlkg (three times the 
minimum standard deviation appearing in 
Table 1). If we assume a concentration ratio 
of 1.6 (see above), this level corresponds to a 
blood concentration of 0.4 Bq/kg, or a total of 
2.2Bq in the blood of a 70-kg man. The 
systemic burden which this blood activity 

.represents depends on the time since 
exposure. If we use Durbin’s blood curve, 
2.2 Bq in the blood corresponds to initial sys- 
temic burdens of 730 Bq at 50 days, 1.6 kBq 
at 150 days, 8.8 kBq at 360 days and so on. 
(The maximum permissible burden is 
1.5 kBq.) 

Although we do not expect hair analysis to 
supplant urinalysis as the standard bioassay 
technique, we have shown that the presence 
of plutonium in the hair gives unequivocal 
evidence of plutonium in the blood (if, of 
course, external contamination of the hair is 
ruled out) and preserves the time dependence 
of the blood concentration. For these reasons 
alone, hair analysis is a useful technique, 
especially for determining when an un- 
suspected exposure found by routine 
urinalysis actually occurred. Further studies 
of plutonium in the hair of individuals with 

known body burdens may enable hair anar 0 ‘  

sis to be used to determine directly the body 
content of plutonium of an exposed in- 
dividual. 

REFERENCES 
Du71 Durbin P. W., 1971, “Plutonium in Man: A 

Twenty-five Year Review”, Lawrence Berkeley 
Laboratory Rep. UCRL-20850. 

Du72 Durbin P. W., 1972, “Plutonium in Man: A 
New Look at the Old Data”, in: Radiobiology of 
Plutonium (Edited by B. J. Stover and W. S. S. 
Jee), pp. 469-537 (Salt Lake City: J. W. Press). 

ICRP75 International Commission on Radiolo- 
gical Protection, 1975, “Reference Man”, ICRP 
Publication 23 (Oxford: Pergamon Press). 

Ja78 Jakelevic J. W., French W. R., Clarkson T. 
W. and Greenwood M. R., 1978, “X-ray Flu- 
orescence Analysis Applied to Small Samples”, 
in: Advances in X-ray Analysis, Vol. 21 (Edited 
by C. S. Barreet, D. E. Leyden, J. B. Newkirk 
and C. 0. Rund), pp. 171-185 (New York: 
Plenum Press). 

Kr77 Kressin I. K., 1975, “Electrodeposition of 
Plutonium and Americium for High-resolution 
Alpha Spectrometry”, Analyt. Chem. 49, 842. 

La50 Langham W. H., Bassett S. H., Harris P. S .  
and Carter R. E., 1950, “Distribution and 
Excretion of Plutonium Administered In- 
travenously to Man”, Los Alamos Scientific 
Laboratory Rep. LA-1151, reprinted in Health 
Phys. 38, 1031 (1980). 

La75 Larsen R. P. and Oldham R..D., 1975, 
“Anion-exchange Separation of Plutonium in 
Hydrochloric Hydrobromic Acid Media”, 
Talanta 22, 557. 

La78 Larsen R. P., Oldham R. D., Cacic C. G., 
Farnham J. E. and Schneider J .  R., 1978, “Dis- 
tribution of Injected Plutonium in the Skeleton 
and Certain Soft Tissues”, in: Radiological and 
Environmental Research Division Annual 
Report, July 1977-June 1978, Argonne National 
Laboratory Rep. ANL-78-65 Part 11, pp. 145- 
153. 

Me72 Merck, 1972, Manual of Diagnosis and 
Therapy (Edited by D. N. Holvey), 12th Edn, p. 
1168 (Rahway, NJ: Merck, Sharp & Dohme). 

1 

IO00 I O %  


